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ABSTRACT

This third quarterly report presents results of ar optical communications and -
tracking systems program divided into three specific Tasks as follows:

Task I: Analyze laser commmunications, detection, and tracking systems
Task I1: Disseminate the resuits of Task I through a lecture series, and

Task III: Develop a microwave bandwidth dynamic cross<d-field eolectron
mulciplier demodulator.

Work in the third guarter is reported for 2ll three tasks.

Task I results for the tnird quarter include a detailed analysis of optical
receiving techniques. Direct photodetection and photomixing are examined. Aspects
of photomixing are presented, including spatial requirements of photomixing, local
oscillator power cequirements, and the present status of photomixing. A compariscn
of photomixing and direct photodetection is made in which it is shcwn that the choice
of a specific receiving technique must be determined for each particular application.
Equations, charts, and graphs are provided.

No lectures were given under Task II in this reporting period.

Task III results fcr the third quarter consisted of evaluation of factors
affecting detector life and ir obtaining experimental data on DCFEM cperation. A
relatively stable detector has been produced that exhibits high current gain and
good frequency response. This tube was cperated without an avxiliary vacaum pump
after being "tipped off" from the pump station. The operating life of this tube
was 100 hours. After this time internal gassing de-reased cathode response by
almost two orders of magnitude.
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1. TASK I EFFORT

1.1 Introductior

Task I of the overall program relating to optical comn:nication and
tracking systems is a stuly devoted to theoretical analysis of communica“ions,
dztection, and ctrscking systems. Task I will include work as specified below.

A, Emphasize thermal and quantum fluctuatiorns under various condi-
tions and relste microwav: noise theory to optical noise theory and the statistical
nature of fluctuations.

B. Include an analysis of photcmixing and direct photodetection
techniques in light of WA3. objectives and component state-of-the-art to dedi.ce the
minimum noise syster. for various conditions.

C. Perforr & noise analysis of various optical receiving devices in
different system configurailions in order to establisk the minimum noise system for
a variety of conditions.

D. Study -he effects or the input optical bandwidth and tlie post ! .

detection baandwidth upon system sensitivity.

E. Study the relationship of noise to co herence.

F. Perform a specific noise study concerning the dynamic crossed-
field electron multiplier.

w#ork under Task I in the first quarter jncluded analysis of —-hermal
and quuntum fluctuations and the relationship of microwave noise theory to optical
noise theory and the statistical nature of radiation. The effects of the .nput
optical bandwidth and the post detection bandwidth on sensitivity were considered. .
Specific analysis of the system situation for the S-66 was included and preiiminary @
work was presented on applicability of the Goddard Range and Range Rate System to
laser systems.

Work in the second quarter was concerned with an analysis of noise
sources in leser =ystems. Noise considerations w2re related to receiving systems
and the Goddard Renge and Range Rate System. A comprehens.ve summery of noise
sources was given and aspects of information theory were examined.

) Work reported herein under Task I or the third quarter is concerned ;
witw optical receiving t=chniques. Direct photodetection and photomixing are '
examined in deteil and are theoretically analyzed. Aspects of photomixing are S
presented, including spatial requirements of photomixing, local oscillator power E -
requirements, and the present status of photorixing. Finally, a comparison is made .
between photomixing and direct photodetection. ’

1.2 Discussion

1.2.1 Receiving Techniques

A number of receiving iechniques can be used for an optical
receiver, all of which have direct correlation to microwave receiver technigues.

[
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However, optical receiving techniques are significantly affected by quantum
effects, therefore many conceptions of the relative values of amplifiers, detec-
tors, ard heterodyne receivers as understood by microwave considerations are nro
longer valid at optical frequencies. This is particularly true of the "fpont end"
of a laser receiver.

The "fpont end" of a laser receiver is the .. importamnt
systems element with regard to sensitivity. There are two basic techniques to
choose from, (1) photomixing (a heterodyne technique), and (2) direct photo-
detection (a~direct detection technique). With either technique a quantum ampli-
fier (optical amplifier) can be used preceeding the photomixer or photo-detector
to increase gain or selectivity.

Once past the "front end" there are a number of receiwing
techniques that can be used. At this point the correlation between RF receivers
and optical receivers bzcomes essentially identical. Hence the following dis-
cussion will be primarily contined to the "front end." An example is given in
Figure 1, which shows a microwave subcarrier ~n an optical carrier and a typical
use of a microwave mixer and IF amplifier after carrier detection. This particular
example is applicable to either front end configuration, i.e., photomixing or di-
rect photo-detection.

1.2.1.1 Dir:ct Photo-Detection

Jntil recently, direct photo-detection was the only
avajlable optical receiving technique. The technique consists of interception
and detection of incident energy, or scme poriion of it, within the confines of
the spectral response of the detector. The resultant detected signal is able to
follow the amplitude variations induced by the incoming signal modulation. The
technique, while similar in conception to an RF crvetsi Actector, is in reality
quite different. The optical detector is a photon detector, and thus responds to
individual photons at a particular quantum erficiency for every wavelength. It
does not respond to total incident energy over a relatively bruad RF bund where
the responsitivity is, theoretically, not directly dependent on frequency. In
direct photo-detection, all optical fr.gusncy and phase information is lost.
Similarly, the direcl optical detector cannot respond to frequency or vhe=e Rod~-
ulation of the optical carrier. It will reproduce amplitude variations -7 the
incident power when the rate of the variations is less than the frequenr - vesponse
of the detector.

The direct pho*s.detector can meke no diniinztions
between signal photons esnd non-signal (baciyrcurd) photons thet are «. . ain the
relatively broad spectral response characteristics. It has no sre<iu’ arrival
angle requirement, except tha’ the photon be in*ercepted Ly the i~ . .sensitive
area. To achieve background discrimination (if required), one mu:', insert an
optical fllter; similarly, to achieve spatial filtering, one must reduce the
field of wiew. )

The advantage of direct photo-detcction is its sim-
plicity. In many cases this results in reduced cost, weight, size and power con-
sumption over other techniques. In general, other techniques would not be used
unlesg the system requirements were such that some technical advantage was attain-
ed through their implementation. A common justification for the use of photomixing
or the addition of a quantum amplifier is sensitivity, i.e.,ability to detect &

weaker eignal than one can with direct ploto-dection. This may take the form of grester =

2



A T g Tl
AR S WAl S

’

e avh - Dot e

0

L N

f
Sk ik s YRt 2Rt

4

g »
TN
N

MICROWAVE A
SUBCARRIER ON :
LASER BEAM ‘ .

AWMV OPTICAL IF. QUTPUT g y .
DETECTOR " MIXER LSl LS Ahé;lé!FlER .

~

MICROWAVE | -

LOCAL - “
OSCILLATOR : . )
S —

186-0C3666

‘Figure 1. Typical Opticel Receiver

AW




W - et

[UTDUTIRDINT S W Fp

“
[N TUDUIIE PIRpN

N
[V U RNV SRV 2

background rejection or discrimination. To illustrate the technical differences
between photomixing and photo-cetection capability, the ultimate and the presently
attainable sensitivities of direct photo-detection techniques must be estavblished.

An ideal direct photo-detection device can be defined
as possessing the capability of detecting each photon within the signal frequency
spectrum, dctecting no photons cutside the signal frequency spectrum, and contri-
butirg no internal noise current carriers or photoelectrons. None of these three
requirements are satisfied by any presently known photo-detector, i.e., no known
photo-detector:

1) has a quantum e®ficiency of unity

2) accepts photons over a narrow spectral interval,
as vwould be utilized in a communicatiorn or radar
system, without respondirg to photons outside
thkis interval of, at most, 10 glgacycles/sec. (A
voice channel can be 3 kc/s wide. Ideally, one
would then wish to respond to no more than 6 kc/s

optical width).

3) has no internal noise

The photo-detectors that come closest to possessirg cne

characteristic usually are worse on the others. However, the second characteristic
is unnecessary in the cases where the background is not significant, and can be
partially solved with an optical filter in other cases. Filters of 10 Angstroms

. width are available without special difficulty. This corresponds to about 150
‘gigacycles/sec. in the visible spectrum.

: The sensitivity of the photo-detector can be iimited
in three ways: (1) by quantum efficiency, (2) by internal rcise, and (3) oy the
background.

In the ideal. case the pnoto-detector would respond
such that one protoelectron or equivalent is activated for each photcn. Thus, if
the incident power is hfn, i = qn. When the quantum efficiency is less than urity,
a portion of the signal power is irrevocably lost, so that i = € qn.

When the internal noise of a photo-detector is
sufficiently low, such that its sensitivity is dependent only upon the guantum
efficiency, then the detector can be considered photon-limited. For this condition
the sensitivity of the photo-detector falls short of the theoretically possible
sensitivity by the quantum efficiency factor. Thus, if Sp is defined as the theo-
retical’sensitivity, the photon-limited photo-detector sensitivity is given by

The theorstical photon limited sensitivity is given by
i1":e fact that in a photo-detector, where there is no phase information, the number
of photons are detected as a function of time alone. To detect signals with a




frequency response, B, the maximum response time for detection is given by

r: l
2 m 3

Another way of looking at this »roblem is to consider
Figure 2, where the time is divided into discrete intervals, tj, to, etc. The time
when s photon arrives can then be assigned to a particular interval, but not to eny
possible division within the interval. To assign a photon to a particular interval,
t,, each tim=2 interval must be examined separately from the adjacent intervals.
Thus, one must be able to say there was a photon received in time t;; there was noct
any received in time t5, et<. To accomplish this, one interval must be discerned
from another. Ideally, if the intervals were measured precisely, if the output
were positive when there wzs eunergy received in a time interval, and if the output
were negative when there was no energy received in a time interval, then an output
waveform would be obtained as pictured in Figure 2b.

Consider each interval, t, for the cCecision-making re-
ceiver picture in Figure 2a. The incoming pulse and the clock interval feed the

"AND" gate such that if both are present the gate operates and a "one" is noted. If

there is no incoming received pulse the gate is such that a "zero" is noted. FHow-
ever, instead of & square clock interval, ideally a fundamental wave can be dealt
with such thav t =1 . If a perfect gate is assumed, this will function proverly.
2B
Since in each interval one photon must be received to denote a "one", it becomes
clear that one phcoton per time-period is required for a.time resolution of t =1 .
2B
Since 2t is the time of one cycle of frequency B, a min.mum of two photons per
cycle ere required in a binary coced system of rate B under the most ideal condi-
tions; that is, the necessary received photons (taking into account the loss due to
quantum efficiency) is given by
2B
n = — in photons /second (2)

In & purlse system of frequency response B, however, it
is merely necessary that one effcctive photon be received in each pulse period, %,

wvhere t = 1 ; that is, pulse systems with pulse rate, PR, per second requires PR
2B €

photons per second. The pulse width or time resolution desired wiil determine the
frequency response, B, which has a direct effect on the internal noise.

The internal noise of the photo-detector was discussed
in detail in the previous report; however, .in this section certain considerations
are presented wnich relate to the conditions under wr*ch the photo-detector is
internal noise limited. The internal noise consists primarily of shot ise, or its
equivalent, and the thermal noise of the output reiistance. The intern: shot
noise, such as in photomultipliers, is given by i,“R = 2qidBR. It can be seen that

frequency response, b, and output resistence, R, enter directly into the amount of
iuternal shot noise to the same extent as the dark current, ij. However, the fre-
quency response B and output resistance R are not independent. Given the minimum
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output capacity of the detector, C, the output resistance R must not be so large
that the time constent, RC will limit the frequercy respunse, B. Since the signal

power, given by i “R, is also a direct function of R, tne question arises of why R
i3 considered in %he ratio of signal power to signs’l and internal shot noise power
given by )

S - s

N 29igB + 2qi B

(3)

Rowever, it must be noted that the detector thermal
output noise power is given by KIB, and any reduction in R will reduce the output
signal power, but will not affect the thermal noise power in the output resistance,
which is independent of the vaiue of R. The total signal to internal and signal
noise ratio is then given by o

s is R

N kTB + 2qi BK + 2qi BR () E

The advartage of datectors which inherently possess
post-detection gain can be seen from analysis of this equation. If i, is the output
current which has been mulciplied by post-detection gain, it improves the S/N ratio
over the case of no post-detection gain, and improves it dramatically in the cases
where the thermal noisr is greater than the internal shot noise.

The internal shot noise is not discriminated
against by post-detection gain, since it also is amplified. The theimal rnoise at
the output is not amplified by the detector, however, and in this fact lies the ad-
vantage of post-detection gain in the photo-detector.

‘ In many low-level sppiications the thermal noise
" will be much greater than the output signal power uniess detectors with post-detec-
tion gain are employed or a quantum amplifier is employed before the photo-detector.
Consider that the resistance, R, is limited by bandwidth, B, and output capacity,
C, such that R® _1 . Then
BC 4 €

S -
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kTB C + 2gBi4 + 2qBig
- (5)

Figures 3 and 4 plot eguation (5) for different
values of B, 14 and T for C = 3 micro-microvforads.

1

For the jase of narrow-band sub-carrier systems, this is not strictly true since
conjugate matching can be accomplished which increases the output power substen-
tially 4
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For typical valuves of T = 3009%K and C = 3 picofgrads,
we find that

i = 1.2x107328° + 3.2 x 1071943 + 3.2 x 10191 B

For typical dark currents that exist, such as in
photcmultipliers, i, < lO'lh amps, the second terus then become negligible for
bandwidths greater %han 10 cps, in which case

2 -
1”& 107%8° + 3.2 x 1071918
The photon-limited signal is given by
i = q(2B) »~ 3.2 x 107198
S
The total noise at the photon-limited current is
then given by
- . - 2
in2 - 107322 4 6.4 x 1073%

It is clear that the signal-induced shot noise is rnegligible compared to the

thermal noise. Thus, iy a ]_O'l B.

A It can now be seer that it will take a signal
current approximately three-thousand times the photon-limited ccnditiorn to attain a
SNR of unity. In general, the minimur additional signal current over the photon-
limited condition can be determined, for this case of detection without gain, by

(signal current required for SNR = 1) = +/ KTC
(photon-limited current.) 2q

(6)

Employing a detector with post-detection gain, the
detector output signal current is given by

2 1 2
1.5 = olig ) 7)

where G is the post-detection power gain and is' is the detected phtto-current.
Relating to equation (5),

2
G(ig')

=

kTBQC + 2qBGig + QQBGiS’ (8)

10
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The signal current requirements for a SNR of unity
are reduced substantially by the vower gain of the detector. This can be seen
clearly if we assume ig greater than the dark current or background current, and,
set equation (8) equal to unity. Thus,

GiS2 - wmBC + 2qGBi

When the above is solved for ig the following
is obtained:

KT
i, = gB L+ 1+ Ke

° e (9)

f’
It is to be noted that when the term KTC/q“G

becomes less than one, the required sigral. current becomes that of the photon-limited

case, 2¢gB. In order for the last term t» be smaller than one, it is required that

KTC

G > —7
q (10)

For T = 300%K and C = 3 picoforads, the power gain

must be on the order of 106 to make the last term negligible. Another gain factor
should be added to take into account the termal noise figure of any amplifier. In

general, this factor would be no greater than 10 db, thus raising the total post-
detection gain requirements to about 70 db.

Figure 5 plots the results of equation (9) for
C = 3 picoforads and for different values of T and G. The current requirements are
normalized with bandwidth in terms of signal photoelectrons/cps (since ig/qB =

ng/B).

It is clear that when vost-detection gain is
employed much greater sensitivity can be achieved, and that it is possivle to find
many conditicns which are photon-limited. This is. the most restrictive case in the
sense that nothing more can be done to improve sensitivity.

. Insofar as the other shot noise sources are
concerned, whenever iy is greater than both ig and ip, the background and darsx
currert noise will be less than the signal shot noise. It is possible for ig and
ip to be greater than ig, with the shot noise SNR remaining greater than unity,
since

.2
S = is <
N 2qB(ig + ig + ip)
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By considering that the photcn-limited current is
igmin = 29B, and that “he non-signal current is i = ig + iy, we can re-arrange the
above equation into the form,

S is 1
N ismin 1+ i/ig

Figure 6 plots this equation for various conditions
where the signal to total shot noise ratio is greater than unity a’though the signel
current is less than the non-signal current in the detector. In this normalized
form, bandwidth does not appear directly. However, since the photor.-limited curreat
is dependent on bandwidth, strong reduction in bandwidth requirements for the same
signal current will enable better discrimination against the non-signal currents
(i.e., ig/igmin ¥ill increase).

From the presented curves it is clear that at very
low signal levels, the signal current cannot be less than the non-signal current
without SNR less thon unity. At the higher signal levels, the signal cur-rents can
be considerably less than the non-signal currents, and still have high SNR. R

1.2.1.2 Photomixing

The narrow spectral emission line of the laser has
made it possible to obtain mixing action at optical frequencies between two laser
sources, one ¢f which can be considered the signal and the other a local cscillator.
Thus, it is possible to build an optical heterodyne or homodyne receiver. (Homodyne
operation is when the local oscillator is at the same frequency as the optical
carrier). Figure 7 illustrates the photomixing technique.

Previous to the development of the laser, complex .
experiments such as Forresters" indicated the occurance of photomixing action; A
however, the lack of a sufficiently narrow spectral source with adequate power made .\
measurement.: difficult and did not allow practical implementation cf photomixing.
The first photomixing experiments conducted with the laser were, in fact, measure-
ments of beats between modes of the same laser. (Ref. 1.) These modes were
hundreds of megacycles apart and it required a microwave bandwidth phototube, such
as the TWP, to detect the beats.

Photomixing, as & receiving technique, was immediately
considered. In the first flush of enthusiasm it was assumed the improvement in
receiver sensitivity would be similar to that obtained at radio frequencles by use
of a superheterodyne receiver rather than a crystal video receiver. While, in
general, no such improvement is possible, there remain certain advantages to use
of photomixing as & receiving technique compared to direct photo-detection. There
are also a number of additional complexities to utilization of a photomixing system. :

Photomixing is difficult to understand using the pho%ton
concept of light, since each photon is indivisible and is of a particular frequency-. :
Photomixing is best understood by consideration of the wave nature of light (and of
all electromagnetic energy). This is consistent with the dual nature of radiation,
represented by either waves or particles.
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1.2.2.3 Photomixing and Fhoto-Detecticn Analysis

Photomixing, as in the radic frequency heterodyning
processes, is a form of coherent detecticn, whereas direct photo-detection can be
regarded as noncoherent detection. In noncoherent detection, there ic no negative
output: the detector functicus as a rectifying element.

The noncoherent detector response can be expressed &s
an even infinite series, as follows:

e, = aeg + beih + cey + ..
(11)
Generglly, one can ignore the higher oxder terms. A
good approximation is that e, = ae;“, i.e., the rectifier is a square-law detector.
A photo-detector is an ideal square-law device in which the higher terms of (11)

are not present.

In square-law detection, the output signal-plus-noise
(s, + n,) is related as follows to the input signal-plus-noise (s; + nj):

+my = a(sy + ;)% = a(s;” + 2syn; +n%)
So n, = a\s; ny = a _81 T esyny ny )
(12}
a is usually a constant and the cutput signal to noise ratio is given by
s;°/2s5my + mn;°
(13)

It is seen the noise consists of two terms: one (niz) due to beats betwzen the
noise componenis, and the other (2s;n;) due to beats between the signal ang noise.
iIf the input signal-to-noise ratio is mich less than unity (ni >> si), ni{© is much
greater than 2sinj. Thus, the output noise and signal are approximately

(1)

(15)
The output signal-to-noise ratioc for this condition
is given by
' 2
s s
o (%) |
(o] i
(16)
16
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It is clear from the above equation that the SNR is degraded
considerably for an input SNR less than one. PFigure 8 illustrates the 1-=lation of
equation (16). However, at optical frequencies, where the noise-in-signal is of
importance, the input SNR can never be less than one when the fluctuation noise of
the signal is considered. The fluctuation noise of the sigaal must necessarily be
lecs than the siwnal itself, and as discussed in earlier sections, can be considered
proportional to the square root of the signal photons, ng. Also, the internal de-
tector noise is not considered a2s par%t of the input noise power to the detector.
Thus, in essence for noncoherent detection, it is only the background energy that
would reduce the input SNR to less than unity and thus cause degradation of the SNR.
It is to be noted that if rp is the number of received background photons in some
reference time, t, the effective input SNR for n;, >> ng is given by

ny © 1/2 (17)

Now consider coherent detection using the same detection device.
The important difference is that prior to the detector a local oscillator signsl is
2dded to the input signal. The local oscillator can be considered a coherent
reference vlose amplitude is much larger than the input signal or noise. Designat-
ing this reference as r, the total voltage into the detector is given by

(18)

For the same square-law detector as before, the output voltage is

2 . 2 2
e, = @ej = 2ar(s; + ni) +a(s; +ny)° + ar

(19)

ifr > (si + ‘ni), the second term is negligible in comparison to the first, and
can be ignored. If the reference is a pure sinusoid, the quantity ar2 is a constant
and can be regarded as a direct current and theoretically will t: unimportant. The
output voltage -an be expressed, based on the foregoing simplifications, as

e, = =2ar(s; + ny)

(20)

Interpretation of the atove equation is that the reference beats
with the sigr.al and noise and converts'.the signal spectrum down to a lower frequency,
vwhich is the difference between the reference oscillator and the signal frequency;
that ie fIF ={fg - frl , where the difference frequency is usually the center
frequency of an IF amplifier. The coherence is not achieved by the detector itself,
but rather by the addition of the reference with the signal prior to the detector.
Because of this addition, correlation is actually performed within the detector.
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With coherent detection, the output signal-to-noise ratio is
equal to the input signal-to-noise ratio:

so/no = Si/ni
(21)
since
So _ 2arsi
no 2arni
(22)

It is to be noted that both the signal power and noise power
are of larger magnitude than before by the factor 2ar. Thus, although the input
SNR did nnt improve, the process of coherent detection will tend to eliminate the
effects of internal noise if 2 ar > 1, since the internal noise is constant.

] At optical frequencies, theoretically, at least, r can be made
quite large no matter how small s;, thus eliminating the internal noise from the
noise considerations and prcviding a great deal of conversion gain since the output
2arsy > sj. In a practical case, however, the reference is not a pure sinusoid
and if r is rfmch larger than s;, any noise in r can te significant.

If we express the reference as a2 sum of pure reference sinuscid
ro plus a much smaller reference ncise ry

r = r + r
o n :
(23)
The component, ar® which was previously considered constant is equal to
. 2
ar® = a(r, + rn)2 = arg + 2argrp + arn2
(24)
19
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The first term is a constant and so is of no concern. The third term is negligible,
since ro >» r,. The second term, 2ar,r,, however, must be considered in equation
. (20). This gives

e = 2aro(si +ng +r

(o] n

(25)

where r is replaced by r,, since ro, &~ r. The expression reveals that the noise
rp in the reference adds directly to the input noise. The SNR for this condition is
given by

Sq s
n, n; + ry
(26)
It is clear from the above expression that, assuming one has the —

purest reference signal obtainable, one can reduce T, only by reducing r, either

through attenuation or use of a lower power reference. However, conversion gain is
supplied by the reference signal (since the quantity 2ary >> 1), and any reduction

. in r will linearly reduce the conversion gain. It is through the advantage of -
conversion gain that the internal ncise of the photo-detector and background noise

is rendered insignificant. Thus, the sensitivity that can be achieved by photomixing

is limited by the purity of the local oscillator.

Inh RF systems, the effect of noise in the local oscillator signal
is reduced by use of a balanced detector. The response of a balanced detector is
given by '

2 -
&, = % [(si +n; +r) -K(sy +ng - r)e] ‘
. (21)

where it is desired that the coustant K be close as possiple to unity. A balanced
- detector basically consists of two nearly identical detectors (see Figure 9). The
. input plus the reference is fed into one detector; the input minus the reference is
fed into the other detector. The outputs from the detectors subtract to form the
resultant signal. The resultant expression gives

‘20
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[?r(Si +ni) (1 +K) + (1 -K) [(Si + ni)2 + rgj]

ab] §

(28)

Introducing the reference noise r, once again, and

noting that r = ry + r,, r ® ro, and r > r,, we obtain

a .
eg = % [Ero(si +ny) (1+K) +(1-%) (2rornﬂ
(29)
when K is nearly unity, we have
= 2 + ——-—(‘l-K)
e, = 2ar, [s. *n, > T
(30)

The above expression indicates that great reduction
in reference noise can occur with use of a balanced mixer. At microwaves, balanced
mixers have been used with much success for a number of years. Figure 10 plots the
noise reduction due to balanced mixer action for various values of K, the factor
of matching of detectors, and the ratio of reference noise to -eference signal,

r,/T.

Returning to the considerations of coherent detection
as an advantage over noncoherent detection, it is clear by using equation (16) and
(22) that the loss due to noncoherent detection is given by .

s-
SMNR reduction = for ﬁ% < 1

* (31)
When the input SNR is much greater than unity, the
noncoherent detection case provides essentially the same performance as coherent
detection. This can be seen for noncoherent detection from equation (12), noting
that if s; >> ny,

Sg * Ny N a(si2 + 2s4ny)

(32)

Thus, the SNR is given by

o lo
N
=
Jte

B (33)

A 3 db difference between input and output exists
due to the noise beating with the signal. Since it has been assumed s /ni is high,
a 3 db difference may not be significant. When considering coherent detection, the
effect on the output SNR is independent of the input SNR; that is, for Si/ni > 1,
ve gtill obtain ‘
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Thus, coherent detection will be slightly better than noncoherent detection for
high SNR. But, if the SNR is high, it becomes questionable whether the added com-
plexity of coherent detection is worth the small improvement.

Another point to emphasize in this comparison is that in the
highest sensitivity case, that of signal photon-limited sensitivity, the SNR must
always be greater than unity if one is to communicate over a finite bandwidth; in
these cases noncoherent detection is almost as satisfactory as coherent detection.

The foregoing simple analysis of photomixing presented some
fundamental considerations of signal, noise and conversion gain in the photomixing
process. In the following pages photomixing will be considered in detail, from
both the theoretical and practical considerations. The analysis of photomixing is
first presented from an electromegnetic wave point of view. (See Ref. 2.)

The field at the photo-sensitive su:rface is given by

E = Ej, cos ( wigt) + E, cos ( (ust?

(35)
Over a time period much greater than the time period of an optical cycle
t o» 2 o~ 1
o % (36)
2 =1 5 L o
E 2 Ejy + EjEg cos (wy, - wg) t + 2 Eg (57)

provided certain essencial spatial conditions are met which will be discussed later.
The resultant alternating component of current from the photo-detector at the
difference frequency will be

2 EgEq4 .
i — . 5 inc
peak AC E1 2, E52
© (38)
If Eg << Ep,, that is, if the local oscillator power is much greater than the
incoming signal power, and noting that 77— = 7
’ Tac  lpeak Ac/ ~2, then
2
e E
12, = 2 | = 2 -2 % 4P
AC E DC -— DC
lo P1, (39)

2k
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and for E_Lo > ES

equo
hf (%0)

ipc =

Since the shot noise is caused by fluctuations in the average current,

ip° % 2aipc® (41)

where B is the detector bandwidth employed. Therefore, assuming & laser local
oscillator which generates only shot noise

T 2
iac - 2Py 1dc2 _ € Pg
i 2 Pio 2qigcB . hiB (k2)

It is to be noted that ideal photomixing is not too
different from photo-detection if one considers the signal carrier and sidebands
in the direc: 3ctection process as equivalent to local oscillator and signal.
That is, if one consicers an optical carrier frequency, f., and a single sideband
which is at the frequency f. - fp rather than a local oscillator frequency and a
signal frequency, the same process occurs in direct detection as in photomixing.
However, in direct detection the carrier and sideband powers are both low and of - :
the same order of magnitude, hence the effects are different. With photo-detection i
the detected currents are of much lower magnitude. Also, the difference frequency '
is simply the modulation frequency, fy, which has been recovered. On the other
hand, no spatial alignment problem exists because all the energy is coming from -
one source. \ \

T PRI NPV R

Shot ioise in the photomixing process is mainly due
to local oscillator power. This follows from the signal and noise multiplication
(conversion gain) of photomixing and the fact that the local oscillator power is
so much greater than the other powers, including the background. In other words,
as long as Pro®» Pp, photomixing will discriminate against the background noise
that is not at fg + §;§ where Brp is the bandwidth of the difference frejuency, :

2 B

f10 - fg. The ability of photomixing to suppress the background noise, as well as )
that of internal shot noise is illustrated in Figure 11. Figure lla shows the oo
signal and the various noise powers with direct detection and Figure 1llb shows
the influence of the local.oscillator power on both signal and ncise. In Figure
11b the local oscillator power is only 4 times the original signal power, whereas
in practice, it would be many orders of magnitude greater, thereby completely
obliterating the imp.ct of the other shot ncise sources.
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It can be shown that the 5NR is given, in general, by

_ 2 € P .
1g - s 5 !
~ for P P ‘
2 P
i, heB (1 + s ) ko ° ‘
P ,
Lo (43)

As P increases, the SNR approaches the limiting value given
by Equation (42). As Py, decreases and Pg/Pp, approaches unity, the SNR approaches

that of direct photodetection. ‘
Tn mathematical terms, for perfect square-law direct photodetection -
e, = ae 2
o - i
(k)
For an AM signal with mcdulation factor, m, ,_
n i
e; = A, [cos wct+2cos(wc— wm)t ﬁ
4
+ + :
o cos ( W, wm)t .
: (45)
thus W ;
2 2 O
€, = ah, cos w.t + m cos Wet o ;
[
[COS ((we - Wt +cos (wg wm)t] \
2 f
m m o
+ {= W - w + = w o+ w .
[2 cos ( w, -t 5 cos ( . m)t] i
3
(k)
By expanding and using trigonometric substitvtion we obtain
2 ?
2 [ 2 o P
e, = aAc [cos wet +mcos w mt + L o
2 2
cos” ( w, - wm)t+m cos ( wg - wpt |
: .
2 v
n m 2 i -
; cos ( w, * wm)t""ﬂ cos“ ( we * wm)t] L
H )
% h
4
y
.
27 §
T ﬁ Sy
Z

Lt
A &'i’

|
I
i
|
;
1
!
i
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By appropriate filtering of all frequencies above fo ve obtain

2

e, = ad, m cos ,ynt

(b7)

"Thus, the rms value of the signal voltage is

1/2 o
(_eg) _ %,2___ m e~ PC m (l}S)

In terms of detected signal current

1/2
2 T
( ig ) .~ Pc m = m *a

(49)
where ic is the average current due to the carrier power.
Thus, the detected signel power is only m2 of the detected carrier power since
2
ig >
= m
.2
1 —
¢ (50)

1.2.1.4 Spatial Requirements of Photomixing

] The spatial reguirements for photomixing have bteen
‘shown tc be much more severe than for microwave mixing. (Ref. 3.) The basic reason
is the cptical wavelength is small compared to the _hotomixing a-ea. Consider

Figure 12. ILet the signal be denoted as e, = Eg sin wgt. Tke local oscillator
-is given by
= w-B
e, E. cos ( w, x) (51)
where
B - —*
Vx

(52)
Jowever, if one examines Figure 12, one recognizes that

sin 0 = <L

v
X

(53)
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Theretore,

B 2 mf, sin © 2 7 sin 9
c
; A
Y (54)
§
¢ The current density is given by
¥ a 2
_i = (es + er)
dx
, {55)
Expanding the above ard dropping terms when the
frequencies are greater tran wrps 8nd noting that WIF = wg - wgs One
obtains the following: -
2 2
qa,. E E
i o= s + r + EpEs cos {wypt + By)
d 2
p'e
; ‘ (56)
Integrating over the photomixing surface from
;;Q to *L  we have,
2 2
+£ +£
. 2 2 _
1 = 2 2 -
f E; +E, f E;E, cos (wIFt + Bx)dx
dx +
4 2 L
2 2 (57)
By trigonometric substitution we obtain,
., o
E. + E, 2
] i o= LS — + E,Eg cos ( w_t)
! - & / IF
2
) 4
5
g cos  f3,dx - E Eg f sin ( wIFt) sin B, ix
| § 4
| 2
‘ (58)
¢
i
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Completing integration and evaluating the integral we obtain

ESC + Er2 cos (w ¥ t) sin
i o= f + 2E.Es <4
2 J2] 2
(59)
With rearrangement of terms, we can placa2 this in the following convénient form.
E82 + E)_g sin B4
i o= f + EgE. cos -t 2
2 v\ TEr
2

(60)

Tt is clear from the above expression if B I > 1,
the term involving the difference frequency will be small compazedi to the direct
current terms. The difference term inside the brackets is largest when

sin 2 = i

:Z%Z (61) 1
and will start to ‘be.reduced substantially when B / >> 1; however, since
2

sin © f .

Bf - 27l LA
(62) :

it can be seen that for £BF to be small (two or less) :*‘ :
:

: sin 0¢ AL \
7’/ H

(63) |

Since A; is the order of lO'l* cm and J will be about one cm on a normal photo-
cathode or photosurface, it follows that

A\, < 107% ,
T f (64)

Thus, since sin @ & O for small angles, ™ must be less than 10'1‘ in order not to
reduce the term involving the difference frequency.

AR L TR 4 b A3t KA S 7 o DY
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The stringent spatial requirements on photomixing given ‘
above lead to serious practical problems in a receiver system which differ consider- ...
ably from the use of phobtomixing as an experimental laboratory tool. These
practical problems are dealt withih thé material pertaining to systems. A
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One method that would appear to reduce the spatial
requirements is use of the Airy disk principle. (Ref. 4) Consider Figure 13.

The developed method is based on the fact that at the
focus of a diffraction-limited lens or mirror, the wavefront in the Airy disk
appears to be plane and perpendicular to the direction of the inédident light. When
the signal beam is focused to a diffraction-limited spot and when & collimated
local oscillator beam is also imposed on the spot, then photomixing can take place.

Experimental evidence has been forthcoming and is
shown in Figure 1k, along with the theoretical curve. Figure 13 saows the photo-
mixing configuraticn. An aperture larger than the diameter of the Airy disk is
used to block the unused portion of the local oscillator beam from entering the
photo-detector. The majority of the local oscillator beam is wasted, since the
active area over which phctomixing can taxe place is simply the area of the Airy
disk. Since the remainder of the local oscillator beam would aot contribute to
the photomixing action, it is important to prevent it from entering the photo-
detector in order to reduce the shot poise due to the local oscillator. This
aperture must be correctly positioned to within a fraction of its diameter, and
thus involves careful mechanical alignment.

The disk dismeter is determined by A F/D, where F is
the focal length and D the diameter of the lens. To have no significant decrease
in the photomixing difference frequency term, it is known that

A

o < —;T—R— (65)

However, in the previous case { was the complete photomixing surface, it is now
the disk diameter, d. Thus, 6<_A . It follows that the allowed angular

7
tolerance is given by

. _
<57 (66)

In the first experiment with an Airy disk, the focal

length of the focusing lens was 60 cm and the effective lens diameter was 4 milli-
meters. The disk diameter, 4, was thus calculated to be about .10 mm {from 4 =
AF/D, A\ = .63 microns). Experimentally, .19 was measured. The tolerance in
angular alignment, ©, is calculated to be .12 degrees or .0021 radians. (The
theoretical curve shown in Figure 14 is based on the actual spot diameter .19 mm.)
With an increase in the D/F ratio, the angular requirements for photcmixing are
further eased. With a collecting lens of 10 cm, for example, the sugular toler-
ance becomes 3 degrees. The spot diametzr, d, however, has been reduced to .OO4
mm, which will present other problems such as alignment of the agerture and high
power density effects on the photosurface. A power input of 1072 watts, for
example, over ,004 mm diameter is 2 power density of approximately 600 watts/cm .
This will induce heating, photocethode fatigue, and other-detrimental effects.
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l.2.1.5 Iocal Osi%llator Power Requirements

If less conversion gain is required in the photomixing
process, the incident power requirements can be reduced. With lower conversion gain
required by the photomixing process there will be less effective local oscillator
power required. This in turn will reduce the relative local oscillator noise
contribution. As discussed earlier, the local oscillator noise can degrade the
input SNR considerably. By reduction of the local oscillator power to values not
too much greater than the minimum detectable signal power calcuvlated from gquantum
considerations, one can considerably negate the iunfluence of the lncal oscillator
noise. However, the lack of large conversion gain will lead to the internal de-
tector noise being significant unless sufficient low noise post detection gain is
provided. A photomultiplier provides essentially noiseless post-detection gain and
so can simplify the photomixing technique by easing the noise requirements of the
local oscillator. The post-detection gain of the photomultiplier will be equiva-
lent to the conversion gain of the photomixing process if the background power and
the dark current shot noise are of sufficiently low relative value as to not
contribute significantly tc the total noise. A major advantage of photomixing with
high conversion gain lies in tbhe ability to make the noise contributions of the
background and the internal device negligible. It is clear, therefore, that the
conversion gain cannot be made too low or these advantages are negated. Yet, if
the conversion gain is larger than necessary, additional local oscillator noise is
introduced. An approximate analysis follows, which arrives a% a relationship for
determination of the desired value of effective local oscillator power to render
the noise contributions of the background and intevral shot noise negligibie.

The SNR at the deterror output is given by

ig - (i101giJ
-2 2qBrpiig + ip * ig) (67)

where Byp is the IF bandwidth, ij the dark current; i, the average current due to
background, i;, is the average current due to the local cscillator power, and igj
is the average current due to the input signal power,

The following treatment will te used to arrive at a
relationship which makes the dark current and background noise neglizille. The
sigral to background noise ratio is given as

2
s S___fﬁfigz isi
im? hf _ P _iss
( e®,) % pp 2qBIF
2QBIF T T (68)
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Since iSiMIN = q(2Byyy ) where Bryy 18 the information bandwidth, then

2
s = Po | Bow
1.2 By By (69)

If the output signal power i. to be considerably grester than the backgiound noise
power then,

2
le 100
. >
P 0
12 (79)
It follows that
Plo x 100 B, (PBrF -;
"\ Bmwr (11) ~ °

Since BIF/BINF will always be unity or greater, it can
be seen that the minimum effective local oscillator power willi be at least one i
hundred times the background power. ;

It is of interest that the quantum efficiency does not
enter in the relationship determining the necessary local oscillator power to
dominate the noise due to the background. This is because both local oscillator
and background power influence the output signal power and resultant background
noise power in a square root fachion, (It remains true, of course, that the mini-
mum input signal power requirements are a function of the quantum efficiency). ,
Similar to the previous development, the signal to dark current noise ratio is : ‘\

determined as : i

2
Is . liolsi |
1na? 2qBFiq (72)

and, therefore, for 182 > 100 inte,

1o = 10014 (EP.-‘"...) (73)
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and

hf BIF
PLO X €q Bor (100 i4) (1)
Since the magnitude of hf/q is on the order of unity,
we obtain
B
1 \
PLo® ¢ (-—-— I (100 1)
“InF a
\ (75)

A mE gt e g -

In this case, the reguired local oscillator power is
dependent upon the quantum efficiency. In photomultipliers where ij is smell, the
quantum efficiency is substantially less than unity; in other detectors ig is much
larger and the quantum efficiency is closer to unity.

Sufficient conversion gain must be provided to dominate
the oulput thermal noise power if use of the laser local oscillator is to result in
the best possible signal sensitivity. '

The detected local oscillator current is given by
ifo = €aPyo/hf.* If the signal output is to be sufficient, then

(igi;o)R 2 10 KTB

"~

_ Using igpin = a{(2B), the necessary local oscillator
power -is

Pro >
Lo 2 g

! If the difference or IF frequency is in the microwave region, R can be considered
to be 50 ohms. Thus,

.1 KT (hf)

P >
Lo - q2 €

v

14 :

For £ =3x10°, T=300C°Kand € =1, PLo > 3 milliwatts
If the IF bandwidth is sufficiently narrow to permit
conjugate matching, the equivalent R may be higher. This would reduce the local

oscillator requirements suvstantially.
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Because of the doppler shift, the IF bandwidth may be
required to be considerably wider than tlL: information bandwidth. The effective
thermal neise bandwidth is given by

By = v 2B1FB D

where Bp is the post-detection bandwidth is equal to the signal bandwidth. Since
the thermal roise bandwidth is effectively increased, the local oscillator power
requirements will also increase. As an examplg, for Bp = 10 XC and BEF = 20C M7,
the effective thermal noise bandwidth has increased to 2 MC. The local oscilla-
tor reguirements are given by '

5 KThf By
P> 2 —
Lo €q R Bp

The importance of the doppler shift on the local
oscillator power raquirements can be noted from the previous example where € =1,
f =3 x 101% cps, and T = 300°K. In that example Prpo was at least 3 milliwatts.
In the present case Pry > 600 milliwatts.

1.2.1.6 Present Status of Photomixing 1

Photomixing has heen successfully achieved under
laboratory conditions. However, no operational receiver incopporating photomixing
has yet been announced.

One of the practical problems of photomixing is that
it requires a stable light source for the local oscillator and carrier. The pre-
sent laser or quasi-laser devices huve too broad a spectrum to qualify, with the
exception of the He-Né type and possibly the ruby laser. The line width of thne
coherent gallium arsenide diode is about 8 Angstroms, which corresponds to about
3 x 1011 cps. Any modulation frequency less than the latter number will be lost ; \.;
in the self-beats and cross beats of the local oscillator spectrum components and ‘
the carrier spectrum. Even with a monochromatic carrier and distinct side bands
present, upon entering a photomixing receiver the self-beats between the local
oscillator will include the modulation or intermediate frequency and constitute
strong interference. The ruby laser line width can be somewhere between 10 to 100
mes. This could permit microwave modulation in photomixing but would restrict its
use at ilower modulation frequencies.

The He-Ne laser line width can be expected to be less
than 1 mcs., and measurements of much less than 1 kcs have been recorded. It is : ¢
thus a useful candidate for photomixing, except for the power output problem. The ‘ ’
power output is certainly sufficient for local oscillator use, but, to have a
carrier at the same or almost the same frequency, the He-Ne laser must also be
used as the transmitter. This is mandatory if the output frequency difference after }
photomixing is to be in the mierowave range, or at a lower frequency, stnce no ;
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other narrow line width laser type is available at the He-Ne laser frequency. The
He-Ne gas laser is a low power device and thus its usefulness in communications and
radar as a transmitter becomes limited. It is guite possible, however, for an
oscilletor-amplifier laser transmitter to be used. The lasar ampl fier is of high
power and inherent broad spectrum, but when driven by a narrow input spectrum
oscillator, high power over a narrow band results.

Another practical problem in photomixing is frequency
control of the local oscillator. It is desirab.e to vary the optical frequency a
small percentage (equivalent to microwave or less frequency shifts) througk AFC or
someother non-manual and rapid means. One reason for this is to correct for
doppler shift, which can be considerable in space applicetions. Other systems
requiring electronic frequency control are hLigh velocity resolution systems and M
systems.

Presently, there are several metaods of varying the
laser frequency by non-manual means that are rapid enough for inclusion in a
receiving system. The amount of shift one can achieve is limited by the method
employed. The basic methods utilized are also capable of use for freguency
modulation.

1.2.1.7 Some Comparisons between Pholomixing and Direct
Photo-Detecé¢tion

It is clear thet there will be many considerations
involved in the basic choice of specific receiving techniques for a pesrticular
application. It would be fruitful to present some fundamental comparisons between
photomixing and direct photo-detection with the realization that any judgement
must be made on the merits of a comparison for a particular ise. Table 1 is a
summery of the comparison.

The first elemental difference is that photomixing
requires a laser local oscillator. In zome radar-like systems, where transmitter
and receiver are at the same physical location, it may be possible to utilize the
same device as both transmitter source and local oscillator. In communication
systems, however, it is clear a laser must be used in a pnotomixer receiver,
whereas one is not necessary in direct photo-detection. Use of a laser local
oscillator requires all the considerations discussed earlier to avoid additional
noise and interference; that is, & stable narrow line width source is necessary.

Another requirement of photomixing, not required of
direct photo-detection, is that the local oscillator energy must arrive at the
photomixing surface in spatial phase with the signal energy. This practical require-
ment becomes quite difficult and must be a part of the comparison if more than
laborutory operation of the system is considered.
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T &E T. COMPARISON BETWEEN PHCTOMIXING AND PHOTO-DEIECTION
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PHOTOMIXING FHOTQ-DETECTION
Needs Laser local oscillator. No local oscillator required.
Spatial phasing requirements No spatial phase problem.

. (superposition)

Expected doppler shifts requires Expected doppler shifts only re-
wide opticel. bandwidth and causes quires wider optical bandwidth.
IF problems.

Phase distortion limits effective Restriction several orders of

raceiver area. magnitude less severe (effective
receiver areas can be built much
larger).

3 db less noise (hfB) theoretical- Minimum noise 2 hfB.

ly possible than in photo-detection.

Large conversion gain possible Post-detection secondary emission

with no decrease in input S/N miltiplication with no decrease in

ratio. input S/N,ratio current gains of
10° tn 10°.

Background directional and fre- No frequency discrimination in

guency discrimination without use cf photo-detection without use of

cptical filter. optical filter. Additional direc-
tional Jdiscrimination with optical
filter.

Subject to media disturbance Does not depend on ccherence.

of coherence.

This requirement, in turn, puts constraints on the
size of the photon collecting area, i.e., the maximum dimension of the lens or
parabolic mirror. Optical techniques will restrict the receiver lens or reflecting
parabola to the .ize at which phase distortion pegins to becore appreciable. That
is, when the path lengths from points on the collection area to the photocathode
become significantly different {on the order of the wavelength of “he optical
frequency), spatial phase coincidence with the local oscillator will be lost and
rapid deterioration in photomixing performance will occur. Ncte, however, that the
photc-detection technique has its limitations not at the optical frequency but at
the modulation frequency, thereby, allowing the use of lenses or parabolic mirror
to build an effective receiver area several orders of magnitude greater. Thus, for
systems in which large collacting areas are possible, photo-detection offers the
ability to gather more useful photons.

The poesible large doppler shift at opticel frequencies

can present serious problems in s photomuxing system subject to large velocity
changes. As the radial component of velocity changes, the doppler shift frequency
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changes, causing & different difference rfrequency. Possible solutions are to have
the IF extremely broad (or tunable over a broad range), or to have the laser iocal
cscillator tunable over tle necessary range. Microwave broadband amplifiers are of
ons octave or less and tunab.e microwave amplifiers cannot readily be tuned more
than one octave. It is also complex and difficult to tune the local coscillator a
number of gigacycles per second.

It has been shown that doppier shifts above 30 giga-
cycles/second will occur in spuce applicetions. The doppler snift is given by:

_ (c+V) v
s = (c-v T i
(76)

where V is the racial velocity and f; is the carrier frequency. It can be seen
that for a carrier frequency, f;, of 3 x 101h cps that

- »
fDS =2 x 17V 77)

where V is in units of kilometers per second and fDS is in units of cps.

- In many cases it is likely that the change in the
doppler shift freaquency will not be rapid and, therefore, slow turning, possibly
even manual tuning, may be sufficient to keep the difference frequency signal within
the IF bandwidth. The optical bandwidth of the phctomixing system ~il1li nuve to be
ride eno to accommodate the range of the doppler shifted frequeacies. A signal
at 3 x 10+7 cps that can be doppler shifted .o gc/s must have an optical bandwidth

of 10 ge/s, althoughk, if tuning is accomplished, the post-mixing or IF bandwidth
can be smsll. If tuning is not employed, then the post-mixing or IF bandwidth must
be wide: this will increase the noise.

From a theoretical viewpoint, direct photodetection
reJuires the same optical bandwidth as photomixing. In practice, Lecause there
are no filters available which can give the spectral filtering one achieves with
photomixing, the optical bandwidth of photodetection receivers are muclk wider than
photomixing receivers. fhis fact, along with the fact that ro difference frequency
is necessary, resuits in photodetection essentially beirg unaffected by the doppler
shifts. That is, the change in optical frequency due to very high radial velocity
is still so small a percentage change of the cptical frequency that it is unlikely
that any difference in receiver response will occur. This is not true if a quantum
amplifier is placed before the photodetector. The quantum amplifier is a nerrov
band device and the doppler shirft may be significant enough to result n the shifted
optical fretuency bt .ng outside the optical frequency response of the yuantum
amplifier. -

Protomixing does provide a great deal of background
discrimination, both spectral and directional. Spectral discrimination is achieved
since only the noise compcnents that fall within the IF bendwidth are amplified.
Since the IF bandwidth with photomixing is many times les: than the optical band-
width, and since the optical bandwidth determines photodetection background noise, &
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large background noise advantage is possible with photomixing. Consider that a
narrow optical filter may be 7 Angstroms wide (about 4 x 1010 cps) whereas the IF
bandwidth may in some cases be only 1 me/s. A reduction in background energy is )

achie.ed by the ratio of )
Bopt L x 1010 L
B = — = )-L X 10 :
B1p 106

(78)

Since the shot noise current due to the »ackground is a function of the square root
of the background power (other factors constant such as post-detection bandwidth),
a reduction in bvackground noise current of 200 { or 23 db) can be realized in the
above cxample. In general, the background noise current improvement is given by

(1nb) Bt [ Bop
{3 ) P B :
“nb D 1F - ;
\ | (19)
where (ipp)Py is the noise current due to the background in a photomixing receiver %
and (inb)PD is the background noise current in a photo-detection receiver. The §
above assumes Pro >> Py D
Directional discrimination is achieved by the same 3
mechanism that requires the locel oscillator and signal to be properly aligned. If H
ithe incident background energy is not from the same direction as the signal, little
or no mixing action will occur between it and the local oscillator. Thus, no g
components at the difference frequency will appear. The background energy which is 3

not from the proper direction to photomix with the local oscillator will simply
increase the detected shct noise. Where Pyg>> P, this will hot be a significant

noise contributior.

AR CIIRE YT

’

It is possible to achieve highly dicectional discrimina- |
tion by other means than photomixing. Fabry-Perot devices such as the intexrferometer SZY,
can give high directional discrimination and can be placed before the photo-detector )
in a direct photo-detectvion system. In this case, a passive device is used in
place of an active device (local oscillator) to achiuve similar results.

§

1.3 New Technology

There are no reportable items within the meaning of the New Technology'
Clause of KWASA Form 417 (1-63) and Alteration dated November 1963.
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1.4 Program for Next Reporting Period

There will be no effort expended on Task I in the next reporting period.
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1.5 gpnclusions and Recommendatiocns

, A detailed analyris of opticel receiving techniques has shown that in the
general case there is no clear cut superiority of either photomixing or direct
photo-detection over the other. Rather, it has been shown that the choice of a
specific receiving technique must be determined for a particular application.

Phouomixing has advantagsies of produc'ng a l=ares conversion gain with no
Jecrease i. inpu%'?/ﬂ ratio, of pruwiding diwec- ional frequency discrimination
without use of an optical “ilter, and of prc ucing 3 “. ess hfB noise (theoretically)
than in photo-detaction. Disadvantage of photomixing irclude the need of a laser
local oscillator, rigid spatial phasing requiremerts  alignment), limited receiver
photon collec i~ aree {due .o phase distortion 1i "'~ ‘), and a wide and/or tunable
1® stage to & . ;- ofate doppler shifts (wbi.h can we 30 gigacvcles/second).
.7 consideratiu us .edis disturbance over tv.e tran. . .on path is also regquired
since this can affect cuhcrence.

Advanteges of direct photo-detegtion include post-detection secondary
emission rultiplication gains of 10° to 10° with no decrease in input S/N ratio,
larger receiver photon collection areas, and simple accommodation of expected
doppler shifts. No local oscillator is required and there are no.spatial phase
problem. Disadvantages include a miniwum 2hLiP noise 3 db greater than photomixing
and the lack of directional and frequency discrimination. Media disturbance effecis
on coherence need not be considered since photo-detection is not dependent on
coherence.
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2. TASK II EFFORT

2.1 Introduction

Task II consists of a series of ten lectures each four hours in duration, .
to be presented by Mr. Monte Ross. The lectures, which are to deal with laser
receivers and systems, will include the subject matter of Task I. Five lectures were
given in the second quarter. Sub  ect matter was as follows:

1. Radiation Laws and Statistics

2. Noise and Fluctuations

3. Detection Statistins

4. Information Theory Aspects

AN S

2.2 Discussion

e

No lectures were given in the third quarter.
The subject matter for the remeining five lectures will include:
1. Receiving Devices

2. Receiving Techniques

DML AR (A O TR

3. Receiving Systems

3
4. Electro-Optic Devices :
2.3 New Technology E
There are no reportable items under Task IT within the meaning of the ii.ii
New Technology clause of NASA Form h17(1-63) and Alterations dated November 1963. § A
' é
2.4  Program for Next Reporting Period P oy
The lecture material will be prepared for delivery. ‘ ] ;
i
2.5 Conclusions and Recommendations :
. - E
Five of the ten lectures have been delivecred. Subject matter for the {
entire series of ten lectures will be provided in the form of manuals. i)
5o
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3. TASK III EFFORT

3.1 Introduction

Task III concists of developing and dsliverjing one Dynamic Crossed-Field
Electron Multiplying (DCFEM) ligh* demodulator which has a voltage signal-to-noise .
ratio of 3 DB when detecting 10‘12 watts of 6321AU radiation with a modulation
frequency of 3 KMC and a detection bandwidth of 1 KC.

The device incorporates many desirable features of static multipliers,
such as low noise, exceptionally high amplification, and good spectral resvonse; it
has the additional advantege of providing wide signal bandwidth and a much simpler
cathode and secondary emission structure. It has superior characteristics when
compared with other availsble devices capatle of detecting high frequency modulation.

This device is the first photomultiplier with microwave response. It
enables use in instrumentation and scientific experimernts where pulses of a nano-
second or less need to be detected in a sensitive manner.

The DCFEM hras linear and stable gain over a wide range of operating cca-
ditions and can provide unsaturated outputs exceeding one MA, thereby eliminating
the need for post detection amplification. )

The high sensitivity and large bandwidth of a microwave-bandwidth
photomultipiier results in instrument capsbilities not previously possible; its
specifica.ions show the feasibility of leser cystems for space communications and
high-resolution radar.

A schematic diagram of the basic detector configuration is indicated in
Figure 15. This figure shows two electrodes incorporated in the high electric field
region of a rectangular metal cavity resonant at 3 GC. Typical parameters for this
configuration are an integ-electrode spacing of 3 mm, and an electric field intensity
in the range of 10° to 107 volts/meter, providing e.ght multiplicution stages. A
microwave pump source of not more than a few watts is needed. The active electrode
(secondary emission surface) is Beryllium-Copper, Magnesium Oxide or some other
suitable material. A small area (20 mn?) of the active electrode is covered with a
photocathode chosen for the spectral response desired. An external magnet supplies
a uniform field of about 500 gauss. The length of the column su,porting the pedestal
is chosen for either 1/4 or 3/L4-wavelength resonance modes. It is to be noted that
only three external electrical connections are required in contrast to the ten or
more connections commonly required with electrostatic photomultipliers.

The electron multiplication in the detector is realized by providing a
region in which there are two spatially uniform crossed fields. In Figure 15 the
static maegnetic field points out of the plane of the paper, and the microwave elec-
tric field lies vertically in the plane. The region is bounded by two electrodes,
one active electrode having a high secondary emission ratio, S, and the other an
inactive electrode or pedestal having a & of less than unity. Incident light on
the photocathode produces photoelectrons which are accelerated initially in the
positive-x direction during the positive portion of the microwave voltage cycle.
However, the magnetic field curves the paths as shown, and during the negative

bl
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portion of the cycle the electrons impinge back onto the active electrcde where thers
produce secondary emission electrons. Each of these secondaries is accelerated and
curved back onto the active electrode, where additicnal secondaries are produced.
This multiplication process is repeated for n stages, after which the electrons are
collected by the coaxial collector assembly.

Work in the first guarter determined that for high vacuum purposes it
would be an improvement to re-design the cavity in a cylindrical geometry as shown
in Figure 16, rather than in a rectangular geometry. This cylindrical geowmetry is
spaller and easier to fabricate, assemble, and align and its electrical character-
istics are as good as or better than the rectangular configuration.

Work in the second quarter centered around construction and testing of
the cylindrical geometry DCFEM tube shown in Figure 17. Three tubes were con-
structed and tested: One leaked severely and was discarded; one had a mechanical
malfunction and was disassembled for modification; and one tube was operated to ob-
tain preliminary data. Preliminary data from DCFEM tests indicated frequency res-
ponse to at least 1 KMC/S. Photo-beats up to 600 MC/S have been detected from a gas
laser source.

Work in this reporting period, the third quarter consisted of evaluating
factors affecting detector life and in obtaining experimental data for DCFEM op-
eration.

3.2 Discussion
3.2.1 Detector Life

A detector was "tipped off" from the pump station in eartly
October 1964 in preparation for delivery to NASA. Although twenty or more detectors
had been Tabricated in the past, none had ever beean removed from the pump station
for operation. It was decided that the device could he “tipped off" without resort-
ing to a getters or a small ionization type aprcudage pump to maintain the proper
vacuum. It was reasoned that there was suf'ficient free cesium remaining in the
"tipped off" tube to act as a "getter" under the normal operating conditions of the
device. ‘

This premise proved to be true for more than one~hundred houvss of
operatlng time. During the last week in November, it was noted that the photo-
cathode had deteriorated almost two orders of magnitude in gensitivity. No deteri-
oration of the secondary emission capability was in evidence.

The detector was opened to determire che cause of Jhe failure
(This is possible by virtue of integral, high vacuum, flanges as; part of thzse
early tubes.) It was noted that the sccondary emission surface showed discoloration
in the vicinity of the collector indicating excessive oxidation of the beryllium
oxide surface. The area where the discoloration was noted is in the normally high
electron density region of the device. The vacuun envelope was tested for air leaks,
but none were found. :

The detector was re-assembled and a new cathode formed. The tube
was again tipped off without any getter other than the .free cesium remeining in the

envelope. This device has been intermittenviy operuted for a period of three weeks
and shows no evidence of cathode deterioration.
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The cause of the cathode deterioration is thought to be due to
localized high intensity electron bombardment which produced sufficient internal
gassing to eventually oxidize all ¢f the free cesium in the envelope. The intense
electron bombardment is due to the previously described phenomena, i.e., multi-
pactoring. This electron instability is known to produce gas in otherwise "clean
tubes."

Although present models of the biased DCFEM are nuch less prons
to multipactor, the problem still exists. The detector that eventualiy failed with-
stood far more multipactoring than is usual since it was found that judicious align-
ment of the tube in its external magnet tended to further stabilize it. However, in
determining the best position for the tube in the magnetic field, excessive multi-
pactoring was inevitable.

Several steps can be taken to eliminate "softening" of the tube.
The most obvious is Yo eliminate multipoctoring altcgether. A simpler approach is
the use of a small auxiliary ion pump. Tie ion pump will be used until the detectors
are sufficiently stable to replace the punp with a getter.

3.2.2 FExperimental Results

Preliminary investigations were made of the gain of the experi-
mental tube as a function af the various tube parameters (electric field, magnetic
Ffield, DC bias). Parameters plotted from the experimental data are defined as fol-
lows:

I, = Photo Current (amperes)
I, = Collected Tube Current (amperes)
Gain = Ic/]‘o
B = Magnetic Field (gauss)
ch = Electron Cyclotron Resonance Frequency
= ﬁg_ radians /second
w = Tube RF Drive(FTequency = 1.97 x lOlo radians/second
=We eB L
w =uCw =8.94x10 B
e/m = Electron Charge to Mass Ratio
C = Velocity of Light
P = RF Driving Power (Watts)
VDC = DC Tube Bias (Volts)
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Figure 18 shows_two cases of gain versus Y . In both cases,
Pin = 1.6 watts and I0 =5 X 10_11 amps, the difference between cases being the DC
bias. In one case tne bias remains fixed at 210 volts, whereas in the second curve
the bias 1s adjusted each time for meximum gain. In the region of maximum gain, it
can be seen that gain is not seriously affected by optimizing the bias. The maximum
difference in gain in this region is less thaxn 1.5:1. Maximum gain occurs at
Y = .770 - .790.

Figure 19 is a plot of §ain versus DC bias voltage. All other
paramcters are constant with I, = 5 x 10-11 amps, ¥ = .790 and Pin = 1.6 watts.
Optimum bias is about 210+ 220 volts.

Figure 20 shows two cases of current gain versus RF input driving
power. This power input is a measure of the RF electric field in ihc active region
~ of the tube. In one case the DC bias and Y were held constant at the preo-deter-

. mined meximum points, i.e., VDC = 220 volts and Y = .790. For the second case,
VDC and_ Y were adjusted for maximum gain at each point. I, 1in both cases was

5 x 10711 amps. It can be seen from this figure that in both cases, the curves are
almost collinear, especially in the region of P;, from 1.5 to 2.0 watts where the
tube appears to operate best. It would appear that variations or fluctuations in
DC bias or Y about their optimum points will not seriously affect the gain of the
tube; however, it is also obvious that P;, (or RF electric field amplitudq) does
greatly affect gain.

Figure 21 is another plot of optimum gain (VDC and Y adjusted
each time) versus power input. These curves, however, show both large and small
signal gain, small signal input being Io =5x 10711 amps and large signals of
I, =1x 1077 emps and I. =1 x 10’8 amps. As would be expected, small signal
gain is greater than large signal gain: in fact, the curve for Io -= 1 x 107° amps
appears to reach saturation at Pin of about 1.3 watts.

. Figure 22 and 23 are plots of optimum DC bias and optimum Y
versus P n from the gain curve, Figure 21. It is evident that for both large and
small signal gain, these parameters are almost constant in the reglon of cptimum
pover input (Pin ~ 1l.5— 2.0 watts). However, the optimum values, especially
DC bias, vary with the input signal level, Insufficient experimental evidence at
the time of this report make it impossible to discuss these optirum parameters ver-
sus input current differences with any authority.

Generally, at the small signal level, the tube was very stsble and
performed well in the region of Py, of 1.5 - 2.0 watts. Gain was greatly af’ected
by the driving power level, but two or three percent changes in DC bias and/or Y
had little effect on the gein.

3.3 New Technology

There are no reportable items under Task III within the meaning of the
New Technology clause of NASA Form 417(1-63) and Alterations dated November 1963.
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3.4 Progran. for Next deporting Period

The program for the nert r:porting pericd will include the construction
and evsluation of detectors containing.an active electrode (pedestal) of fine
molybdenun mesh. The mesh should further reduce, or eliminate -instability of +the
detector. The basic mechanical ~onfiguration will be maintained until the advantage
o. the mesh pedestal has been rrcven. Another advantage of the mesh is that the
pedestal can entirely cover the calhode since the iesh has seventy percent optical
transmission.

An investigation of the production of an $-20 Photo-cathode in the
DCFEM will be start?d. This will include possible sub-contractors to produce the
surface.

Ar. investigation of the most efficient "getter" will also te included.

3.5 vonclusions and Recommendations

A relatively stable detector has been produced that has high current gain
and good frequency response. Its operating life was limited to 100 hours due tc
internal gassing conditions. This is to be eliminated by further stablization and
proper gettering.

It is recommended that the work continue as outlined in the program for
the next reporting period.
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